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^; Abstract 

In the quasi-inert Higgs doublet model, we study the LHC diphoton rate for a standard model-like 
Higgs boson and the top quark forward- backward asymmetry at Tevatron. Taking into account 
the constraints from the vacuum stability, unitarity, electroweak precision tests, flavor physics 
Mh' and the related experimental data of top quark, we find that compared with the standard model 

Q . prediction, the diphoton rate of Higgs boson at LHC can be enhanced due to the light charged Higgs 
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contributions, while the measurement of the top quark forward-backward asymmetry at Tevatron 
can be explained to within la due to the non-standard model neutral Higgs bosons contributions. 



(N 
> 

f>^ ■ Finally, the correlations between the two observables are discussed 
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I. INTRODUCTION 



LHC [iHsl has recently reported some hints for a 125 GeV Higgs boson decaying into two 

photons and the diphoton rate should be larger than the standard model (SM) one. Due to 

the absence of a true signal, the expected exclusion limit at 95% confidence level is between 

..A and 2.4 times the SM rate in the mass range 110-150 GeV from the CMS collaboration 

2| and between 1.6 and 1.7 times in the mass range 115-130 GeV from ATLAS collaboration 

31. The LHC diphoton signal has been studied in various extensions of the SM, such as the 

n n 

minimal supersymmetric standard model (MSSM) JJ], the two Higgs doublet model [5|, the 
inert Higgs doiiblet model p], the next-to-MSSM [7|, the little Higgs models [sf, the Higgs 



triplet models 9| and the models with extra dimension 10 1 

The forward-backward asymmetry A'^p^ in top quark pair production has been measured 
by two experimental groups at the Tevatron. The CDF measured the asymmetry in the 
i + j channel and obtained A^p^^CDF) = 0.158 ±0.074 [11|, which is nearly consistent with 
the DO result ^^^(DO) = 0.19 ± 0.065 [12J. These results exceed the NLO SM prediction, 
A%j^{SM) = 0.058 ± 0.009 iisj. The CDF also reported an anomaly large value of A*,^ for 
rritt > 450 GeV [lj|, which, however, is not confirmed by DO collaboration 12|. Therefore, 
we do not consider the experimental data in this paper. To explain A%_^ various attempts 
have been tried, such as via the s-channel exchange of an axi-gluon 15| or the t-channel 
exchange of Z', W and a scalar 
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20|. 



The quasi-inert Higgs doublet model (QIHDM) [2l| is proposed by Qing-Hong Cao et al. 
with the motivation of explaining the excess of Wjj reported by CDF 22(1 . In addition to 
the SM particle content, just one complex electroweak scalar doublet is introduced with an 
approximate Z2-symmetry being imposed. This model predicts the SM-like Higgs boson h, 
the charged Higgs boson H"^ as well as two neutral Higgs bosons S and A. The three new 
Higgs bosons can contribute to the diphoton rate of h and the top quark forward-backward 
asymmetry at Tevatron. Since DO collaboration does not confirm the excess of Wjj reported 
by CDF 23[, we will not discuss the experimental result of Wjj in this paper. 

This work is organized as follows. In Sec. II, we briefiy review the quasi-inert Higgs 
doublet model. In Sec. HI, we discuss the relevant theoretical and experimental constraints. 
In Sec. IV, we study diphoton rate for the SM-like Higgs boson at LHC. In Sec. V, we study 
the top quark forward-backward asymmetry A^p^ at Tevatron and the correlation between 



Ap^ and the LHC diphoton Higgs signal. Finally, we give our conclusion in Sec. VI. 

II. QUASI-INERT HIGGS DOUBLET MODEL 

The quasi-inert Higgs doublet model is a simple extension of SM by including an ad- 
ditional scalar doublet $2 = [H^, (S + iA)/y/2], with the same hypercharge as the SM 
doublet $1 = {(j)~^ , (p^) . To explicitly forbid the mixing between the two Higgs doublets, 
we can impose a Z2-symmetry under which $2 and $1 are respectively odd and even. The 
renormalizable scalar potential can be written as J21| 

V = fil<l>l<^i + /i2'^^'^2 + Ai ($I<l>i)' + A2 ($^$2)' + A3 ($I$i) ($^$2) 

+ A4 ($I$2) ($5$l) + ^A5 ($I$2)' + ^A* (^^^l)' , (1) 

All the above parameters are necessarily real except A5. The SM SU{2) x f/(l)y gauge 
symmetry is spontaneously broken by the vacuum expectation value (VEV) of 0° field, 
{(j)0) =y = 2AQ GeV. $2 field does not develop VEV from Eq. (P. 

The quartic coupling Aj can be expressed by the physical scalar masses and /i2 as follow: 

The scalar potential in Eq. ([1]) contains the SM-like Higgs boson coupling with the charged 

Higgs, 

.2m^± /m^± -fil\ 

QhH^HT = -iX^v = -I — i^ — s-^ . (3) 

V \ m^± J 

In order to explain the top quark forward-backward asymmetry at Tevatron, $2 field has 
to couple to the first generation quark. Therefore, we require the right-handed up quark is 
odd under Z2-symmetry, while all the other SM fields are even. Thus, the Yukawa couplings 
of the quark fields can be written as |2l[ 

C-y = -<iQir2$t«^ - 2/|i0l$i4 - yuMr2n< + h.c. , (4) 

where T2 = io"2 ((72 is Pauli matrix) and Q^ = (m^, d'^jj . The generation indices i, j run 
from 1 to 3, and k can only takes 2 and 3. The coupling of the right-handed up quark to 
$1 is forbidden by the Z2-symmetry, which leads that the up quark remains massless at 
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tree-level. In order to generate the up quark mass, a soft breakdown scalar potential of the 
Z2-symnietry, yU^2'^i'^2 + h.c, is necessary. Since the up quark mass is about a few MeV, 
fii2 is relative small, which can induce a negligible VEV of $2 held compared with that of 
$1 field. 

In the mass eigenstates, we can obtain the coupling of the right-handed up quark to <l>2 
field from Eq. @, 

C^= - ^^ (X^y ulul + H- {Vl^^Xuf' dlu], + h.c, (5) 

where {X^Y^ = {U^ lY'' {yu,2y^ with Uu,l being the rotation matrix of the left-handed up- 
type quarks. We choose to make the simplifying assumption, {Uu,lY^ = S""^ ■ 

To explain the top quark forward-backward asymmetry and satisfy the constraints from 
the flavor processes, we take 

{Xuy' = 2y,{VcKMY''- (6) 



The detailed analysis was given in [18|]. Where yi = ^{yu,2Y^ / (^ckmY^ fo^ {Uu,lY'' = ^*"'- 
From the Eq. ([5]), we can get the couphng 

Cu = -2yi (aVckmY^ ^-^ u\u\ - H hLu]^] + h.c. . (7) 

In the quasi-inert Higgs doublet model, both S and A couple to the up quark, which 
leads that they are no longer the candidate for dark matter. To provide a candidate for 
dark matter, a possible approach is to introduce a single scalar field with an extra discrete 
symmetry being imposed, which will be studied elsewhere. 



III. THEORETICAL AND EXPERIMENTAL CONSTRAINTS 



*D — D mixing and same-sign top pair production at LHC: The couplings of S 

can contribute to the D — D mixing and the same-sign top 



and A to up quark in Eq. 

pair production at LHC |2l|, |2^. The contributions of S and A are destructive and such 
contributions can be canceled for degenerate S and A masses. Therefore, in this paper, we 
take rris = rriA, which implies A5 = from the Eq. ([2]). 

•Electroweak precision tests: The electroweak S and T parameters can give the 



constraints on the splitting of the charged Higgs and the neutral Higgs masses [18|, l21 |. 



Considering the LEP constraints 25|], we take mH± = fns = tua > 90 GeV, which imphes 
A4 = from the Eq. ^. 

•Vacuum stability and unitarity: For 'mH± = ms = ttia, the vacuum stabihty can 
give the constraints on the parameters 26|: 



Ai,2>0, \; > -2,/xJ^2 . (8) 

The unitarity constraints for the scalar potential were calculated in Ref. [a, l27|]. Various 
processes were used to constrain quartic couplings at the tree level. These lead to a set of 
unitarity constrained parameters: 

ei,2 = A3 ± A4 , 63,4 = A3 ± A5 

65,6 = A3 + 2A4 ± 3A5 , 67,8 = -Al - A2 ± J{Xl - A2)2 + A^ 



69,10 = -3Ai - 3A2 ± v/9(Ai - A2)2 + (2A3 + A4)2 



eii,i2 = -Ai-A2±y'(Ai-A2)2 + Ai. 

The absolute values of the twelve parameters must be smaller than Svr. The strongest 
constraint on Ai,2 comes from 69,10, which gives approximately |6|: 



Al + A2 < 



57r 



(9) 



The coupling Ai can be determined by the Higgs mass ruh from the Eq. ([2]). Requiring the 
absolute values of 6j (z = 1, ■ ■ ■, 12) to be smaller than Svr and the Eq. ([8]) to be satisfied, 
we can get the lower bound of A3 for a fixed rrih and mH± = fns = ttia- For rrih = 120 GeV, 
125 GeV and 130 GeV {i. e. Ai = 0.12, 0.13, 0.14), the lower bound of A3 is respectively 
-1.4, -1.45 and -1.5. 

•The ti total production cross sections and ti invariant mass distribution at 
the Tevatron: The current cross section measured at Tevatron is a'^^^ = 7.50 ± 0.48 pb 
for mt = 172.5 GeV [281, while the SM cross section is a^^^ = TAGtoH pb from [29| and 
^SM _ g 2Q _|_ 0.191q;23 pb from [30|. Here, we conservatively require —0.12 < ^-^jr < 0.3 for 
the Tevatron. The invariant mass distribution was also measured by CDF, and the results 
are presented in nine bins of Mu [3l| . We require the differential cross section in each bin to 
be within the 2a regions of their experimental values. In this paper, the mass of top quark 
is taken as 172.5 GeV. 



•New top quark decay channels: The top quark can decay into a hght quark and a 
scalar particle for the scalar mass is light enough. The measurement of the total top quark 



width is rf^ = 1.99l[5|^ GeV |32|, which is in agreement with the SM value Tf*^ = 1.3 
GeV. We require the total top quark width to be within the 2a regions of the experimental 
value. 

The flavor changing couplings in the Eq. ([7]) can contribute to the single top quark 
production through the gu — ?■ tS {A) process. The DO has recently measured single top 
qua rk p roduction cross section at the Tevatron and obtained a(j)p -^ tqb + X) = 2.90 ±0.59 



pb 33|. However, the single top quark production data gives no constraints to this model 



because of the difference between final states in experiments and those in this model. 

IV. DIPHOTON RATE FOR A 120 - 130 GEV HIGGS AT THE LHC 

In our calculations, we take mH± = Tns = tra = '"^2 > 90 GeV, so the decays into these 
Higgs bosons are kinematically forbidden for a light SM-like Higgs boson h. Except for the 
decay h — )■ 77, the decay modes and their widths of the SM-like Higgs boson are the same 
both in QIHDM and SM. Since the decay width of /i — > 77 is very small, the total width of 
SM-like Higgs boson in QIHDM almost equals to that in SM. 

In the SM, the decay /i — )■ 77 is dominated by the W loop which can also interfere 
destructively with the subdominant top quark loop. In QIHDM, the charged Higgs boson 
H"^ loop can give the additional contributions to the the decay width r(/i — > 77), which can 



be expressed as [34 1 



2 

rvm. < — ^ 

T{h ^ 77) 



a-ml 



2567r^f 
where 



Y,NciQlFy2{rf) + F^{tw) + g^^Fo{rH±] 



(10) 



"^ 2m^± m?jj± ' m\ ' m\ ' m\ 

Nci, Qi are the color factor and the electric charge respectively for fermion i running in the 
loop. The dimensionless loop factors for particles of spin given in the subscript are: 

Fi = 2 + 3r + 3r(2-r)/(r), F1/2 = -2r[l + (1 - r)/(r)], Fq = r[l - r/(r)], (12) 



m^=130(GeV) - 
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FIG. 1: The R^^ versus the H^ mass {1712) for several different A3. For the left (middle, right) 
panel, Tiih = 120 (125, 130) GeV and the curves from bottom to top correspond to A3 =1.4 (1.45, 
1.5), 1.0, 0.4, -0.2, -0.4, -0.7, -1.0, -1.4 (-1.45, 1.5). 



with 



/( 



r 



[sm-\l/^)]\ T > 1 



(13) 



where r)± = 1 ± \/l — t. 

The Higgs boson production cross section at the LHC are the same both in the QIHDM 
and SM. Therefore, the LHC diphoton rate of Higgs boson in the QIHDM normalized to the 
SM prediction can be written as 

Br{h -)■ 77) T{h -)■ 77) 



R^ 



(14) 



^^ Br{h -^ 77)^^ T{h -^ 77)^^ ■ 

In Fig. [T]we show the R^^ versus the H^ mass (1712) for several different A3. Fig. [1] shows 
R^^ is almost the same for rrih =120 GeV, 125 GeV and 130 GeV. H"^ contributions can 
interfere constructively for A3 < and interfere destructively for A3 > 0, leading R^^ > 1 
and R^^ < 1, respectively. The magnitude becomes sizable as the decreasing of the H^ 
mass since g^^ is proportional to the l/m^±. For m2 = 90 GeV and A3 in the range of -0.2 
and -1.5, R^^ varies from 1.1 to 1.95. 
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FIG. 2: The top forward-backward asymmetry A^p^ at Tevatron versus 1712 for several different yi. 
The horizontal lines show the la and 2a ranges from the corresponding experimental data. 

V. TOP QUARK FORWARD-BACKWARD ASYMMETRY AT TEVATRON 

In the ti rest frame at Tevatron, the top quark forward-backward asymmetry A^p^ is 
defined by {v^ 

A'p^ = A^^ X R + Af^'i X {1 - R) (15) 

where ^f-^ = 0.058 is the asymmetry in the SM, and 

a^P{Ay > 0) - a^P{Ay < 0) 



aNP 



R 



a^P{Ay>0) + a^P{Ay<0) 



(16) 

(17) 



are the asymmetry induced by the new physics and the fraction of the new physics contribu- 
tion to the total cross section, respectively. Ay is the rapidity difference between a top and 
an anti-top. In our calculations, we take rrit = 172.5 GeV and use the parton distribution 
function CTEQ6L [35] with renormalization scale and factorization scale fin = fJ'F = f^t- 
We assume that the K-factors are universal, so that the QCD correction effects are canceled 
in the ratios of a^^/o"^*^ and a^^ /{a^^^ + cr^^), and they are the same at LO and NLO. 
The matrix elements M of the process u{pi)u{p2) — > t{ki)i{k2), including the SM, new 
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FIG. 3: The top quark forward-backward asymmetry A^p^ at Tevatron versus m2- The bullets 
(blue) and crosses (red) are respectively allowed and excluded by the three experimental data of 
top quark. The horizontal lines show the la and 2a ranges from the corresponding experimental 
data. 



scalar 5* and A contributions, can be written as ref. 20 1 



E 1^1' = ^(^? + «? + 2^) + ^Hy'""'' ^ '' 



st 



+ 36 



m2 



''7712 



(18) 



where s = {pi + P2Y, t = {Pi - hf, u = {pi - /c2)^ U = t - m^, tm^ = t - mj, y = a/2?/i. 

In Fig. [21 we plot the top quark forward-backward asymmetry A^p^ at Tevatron versus 
the masses of S and A (1712) for several different yi. We see that A^p^ can be enhanced 
sizably for the very low value of m2, be over 0.1 for the large one and be negative in the 
intermediate region. 

In Fig. El we scan the following parameter space, 



0.2 <yi< 1.0, 90 GeV < ma < 1000 GeV, 



(19) 



and plot A^p^ versus m2 taking into account the total decay width of top quark, top quark 
pair production cross section and ti mass distribution at Tevatron. We find that the relative 
small parameter space scanned is allowed by the above experimental data of top quark, 
where A^p^ can be explained to within la and reach 0.25. Our numerical results show that 
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FIG. 4: Scatter plots for yi versus r7T,2, which are allowed by the experimental data of top quark. 
A^p^ is in the range of 0.1 - 0.14 for bullets (blue), 0.14 - 0.18 for crosses (red), 0.18 - 0.22 for 
circles (black) and 0.22 — 0.25 for triangle (pink), respectively. 

the tt cross section and invariant mass distribution measured at Tevatron give the most 
constraints on the parameters yi and m2. The total top quark width can hardly give further 
constraints. 

For the large m2, Fig. |3] shows A^p^ is below 0.12, and Fig. [1] shows i?^^ is close to 1. 
For 1712 < 200 GeV, both A^p^ and R^^ can be enhanced sizably. Therefore, we scan 



0.45 <yi< 1.0, 90 GeV < ms < 200 GeV, 



(20) 



and give Fig. H] and the right panel of Fig. [51 We exclude the parameters which are not in 
agreement with the experimental data of top quark. Fig. H] shows the yi and m2 for which 
A^pj^ can reach 0.1 - 0.25. We can see that 0.58 < yi < 0.7 and 100 GeV < ms < 155 GeV 
are favored for 0.14 < A^^^ < 0.22. A very small yi is allowed by the experimental data of 
top quark, but it will lead A'^p^ to be much less than 0.1, which are not shown in Fig. HI 

The right frame of Fig. [5] shows m2 versus A^p^. To examine the correlation between 
A^pg and the diphoton rate of the SM-like Higgs boson at LHC, we plot 7712 versus R.yy for 
rrih = 125 GeV in the left panel of Fig. [5l The correlation between A^p^ and R^^ depends 
on 1712, which can contribute to the two observables. For example, for A^p^ = 0.16, the right 
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FIG. 5: The left panel: ?7i2 versus i?-^^ for mh = 125 GeV. The right panel: Scatter plots for 7712 
versus A^p^. 



panel of Fig. |5] shows that 1712 should be around 140 GeV, while, for such value of ?Ti2, the 
left panel of Fig. Oshows that -R^^ is less than 1.3. By the same way, i?-^^ should be less than 
1.2 for A^pQ = 0.12, and Ap^ can reach 0.21 — 0.26 for Rjj = 1.6. The larger Ap^ implies 
that the diphoton rate can be enhanced more sizably with respect to the SM prediction. 
Moreover, the larger i?^^ can imply more precisely the range of A^p^. 

Note that the correlation between A^p^ and i?^^ found in the above discussions is due 
to the lower bound on A3 coming from the requirement of vacuum stability and unitarity, 
and from the assumption that the scalars S, A and H^ are degenerate in mass. Ref. 21 | 
shows that, for a few GeV splitting between ms and tua, the present experimental data of 
D — D mixing requires the coupling constant y„c = '^ViiYcKMY^ to be smaller than 10~^, 
i.e. yi < 10~^. Therefore, the scalars S and A should be degenerate in mass so that yi is 
allowed to be enough large to explain A^p^. However, the electroweak S and T parameters 
allow the mass of the charged scalar to be shifted from the masses of the neutral scalars by 
at most ~ 110 GeV 18J. For the light scalars, the correlation between A^p^ and i?^^ will be 
greatly softened and even disappear due to such mass sphtting. For example, for the masses 
of the neutral scalars are in the range 90 — 200 GeV, the mass of the charged scalar can 
be as low as 90 GeV, i.e. for 0.1 < A^p^ < 0.26, the maximal value of R^^ is always 1.95 
(where the mass splitting gives a negligible effect on the lower bound of A3). Fig. [5] shows 
that the charged scalar and neutral scalars with less than 150 GeV mass can respectively 



11 



fit the experimental data of R^^ and A^p^ well. Therefore, the small mass splitting between 
the charged scalar and the neutral scalars is favored by the experimental data. 

VI. CONCLUSION 

In the framework of quasi-inert Higgs doublet model, we study the LHC diphoton rate for 
a SM-like Higgs boson and the top quark forward-backward asymmetry A^p^ at Tevatron. 
Taking the theoretical and experimental constraints, we find that the diphoton rate of Higgs 
boson at LHC can be enhanced sizably due to the light charged Higgs contributions with 
respect to the SM prediction, while the measurement of the top quark forward-backward 
asymmetry at Tevatron can be explained to within la due to the non-SM neutral Higgs 
bosons contributions. Besides, there are some correlations between the two observables. 
Compared to the SM prediction, the diphoton rate can be enhanced more sizably for the 
larger top quark forward-backward asymmetry. Furthermore, the range of A*p^ can be 
narrowed more sizably for the larger R^^. 
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